Background: PIM1 is a constitutively active serine-threonine kinase regulating cell survival and proliferation. Increased PIM1 expression has been correlated with cancer metastasis by facilitating migration and anti-adhesion. Endothelial cells play a pivotal role in these processes by contributing a barrier to the blood stream. Here, we investigated whether PIM1 regulates mouse aortic endothelial cell (MAEC) monolayer integrity. -/-cells alone was sufficient to induce the hyperadhesive phenotype in wildtype endothelial cells. Conclusion: Loss of Pim1 induces a strong adhesive phenotype by enhancing endothelial cell-cell and cell-matrix adhesion by the deposition of a specific extracellular matrix. Targeting PIM1 function therefore might be important to promote endothelial barrier integrity.
Loss of Pim1 Imposes a Hyperadhesive Phenotype on Endothelial Cells

Introduction
PIM1 is a constitutively active serine threonine kinase [1] and belongs to the family of kinases consisting of 3 members, PIM1 to 3 [2] [3] [4] . Mice deficient for all three Pim kinases displayed reduced body size and impaired responses to hematopoietic growth factors [5] , suggesting that PIM kinases, including PIM1, are important but dispensable factors for growth factor signaling. At a molecular level, PIM1 promotes cell growth, migration, differentiation and survival through phosphorylation of several substrates, including p21
Cip1/WAF1 and BAD [6] . Elevated Pim1 mRNA and protein levels correlated with the metastatic potential of tumors by facilitating migration and anti-adhesion as shown in tongue squamous cell carcinoma [7] , gastric cancer [8] and in lymph node metastasis [9] . Vice versa, inhibition of PIM1 kinase activity diminished cancer cell migration and invasion in vitro [9, 10] .
PIM1 is transiently expressed in vivo in endothelial cells during angiogenesis and induced by Vascular Endothelial Growth Factor (VEGF) in human umbilical vein endothelial cells (HUVECs). PIM1 silencing impaired vascular endothelial growth factor-A (VEGF-A) induced proliferation and migration and inhibited capillary formation on matrigel and endothelial cell sprouting in HUVECs [11] .
Interactions between tumor cells and vascular endothelium are important for cancer metastasis [12] . Angiogenesis is not only a prerequisite for tumor growth but also promotes and facilitates migration, invasion and metastatic spread of malignant cells [13, 14] . In solid tumors, a prerequisite for cancer cell extravasation is alteration of endothelial cell barrier function, known to be associated with change in expression of molecules important for endothelial cell adhesion [15] [16] [17] . Here, we have investigated the specific contribution of PIM1 in endothelial cell adhesion at a functional, molecular and gene regulatory level.
Materials and Methods
Cell culture & transfection
MAECs were isolated from aortae of FVB/N wildtype and Pim1 -/-mouse strains as described previously [18] . For all experiments cell culture dishes were precoated with 0.1% gelatine gold (Carl Roth GmbH, Karlsruhe, Germany) for 20 minutes at 37°C. Cells were maintained in DMEM (Biochrom, Berlin, Germany) complemented with 10% FBS, 1% sodium pyruvate, 1% non-essential amino acids and 1% penicillin-streptomycin (Invitrogen, LuBioScience GmbH, Luzern, Switzerland). Cell numbers were assessed with a NucleoCounter® NC-100™ (Chemometec, Allerød, Denmark). In all experiments ~ 8×10 4 cells/cm 2 were seeded, washed with phosphate-buffered saline (PBS) (Invitrogen, Carlsbad, CA) after 24 hours and trypsinized (TripLE express, Invitrogen, Carlsbad, USA) for further processing. The percentage of adherent cells was calculated as follows: [Total cell count -detached cell count]/Total cell count. Light micrographic pictures were acquired using an IX71 inverted microscope (Olympus, Volketswil, Switzerland). Compound K00486 was applied at a concentration of 100nM to wildtype cells. For PIM1 overexpression human cDNA encoding PIM1 was subcloned into a pCMV-Tag2A expression vector (kind gift of Jürg Schwaller, Department of Biomedicine, University Hospital, Basel, Switzerland) and cell transfection was performed with 50ng of vector/reaction using a basic endothelial cells nucleofector kit in a Nucleofector II device (Amaxa Biosystems, Cologne, Germany) according to the manufacturers protocol.
Wound healing assay Pim1 wildtype and knockout MAEC were grown to confluency in 6-well plates and wounded with a 200 µl pipette tip along a ruler. Wounded monolayers were washed three times with growth medium before further incubation. At the indicated time points (0, 4, 8 and 24 hours), monolayers were photographed 3 times for each well at 20x magnification. Wound width was measured on hard copy prints of the images. Individual cell paths were determined for leading-edge cells along five uniformly spaced lines along the wound edge. Initial wound at 0 hours was defined as 0% wound closed, total closure was defined as 100% wound closed. -/-ECM for 24 hours were then trypsinized for 1, 2 or 3 minutes. To collect all the cells at each time point the cell layers were washed 3 times with PBS and the cell numbers in the collected supernatants were assessed and percentage of adherent cells was calculated as described above.
Immunoblotting
Total cell lysates were prepared using RIPA buffer as described before [19] . After SDS-PAGE, proteins were transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA). The membrane was blocked with 4% skim milk powder in TBS-Tween solution or 4% BSA and probed with following antibodies: rabbit polyclonal anti-PIM1 (Cell Signaling Technology, Allschwil, Switzerland), primary mouse monoclonal to vinculin (abcam, Cambridge, MA), rabbit polyclonal anti-β-catenin (Cell Signalling Technology, Danvers, MA), rabbit polyclonal anti-T-cadherin (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-COL6A3 (Abnova Coorporation, Neihu, Taipei) and mouse monoclonal anti-β-actin (Sigma-Aldrich, St. Louis, MO). Anti-mouse or rabbit-HRP-conjugated IgGs (Cell Signalling Technology, Danvers, MA) were used for visualization of relevant proteins on X-ray films by a chemiluminescence reaction (Thermo Scientific, Waltham, MA).
Fluorescence imaging
The cells were fixed in 4% paraformaldehyde for 20 minutes at 37°C on coverslips (Karl Hecht AG, Sondheim, Germany) and then permeabilized with 0.5% Triton X-100 in PBS for 10 min. After blocking for 45 minutes with goat serum the cells were incubated with the following antibodies: primary mouse monoclonal to vinculin (abcam, Cambridge, MA), rabbit polyclonal anti-β-catenin (Cell Signalling Technology, Danvers, MA) and rabbit polyclonal COL6A3 antibody (Abnova Coorporation, Neihu, Taipei). After 3 washing steps cells were incubated with Alexa Fluor 555-conjugated secondary antibody (Invitrogen). F-actin was probed with Alexa Fluor 488 phalloidin and the nuclei were stained with Hoechst 33342 (Invitrogen). The coverslips were then mounted with FluorSave™ (Merck, Darmstadt, Germany) on glass slides (Thermo Scientific, Waltham, MA). Fluorescence imaging was performed using a Zeiss Axioskop 2 microscope (Zeiss, Oberkochen, Germany) and a confocal laser scanning microscope Leica SP5 (Leica, Wetzlar, Germany).
qRT-PCR
RNA was isolated using a RNAeasy Mini kit (Qiagen, Hilden, Germany), followed by a on column DNA digestion (Qiagen, Hilden, Germany). cDNA was transcribed from total RNA using Omniscript RT kit (Qiagen, Hilden, Germany) and random primers (Roche, Basel, Switzerland). To control for DNA contamination in the qRT-PCR, for each sample a control reaction missing reverse transcriptase was additionally amplified. Primers for microarray validation and genotyping wildtype and Pim1 -/-cells were designed using Primer3 software (http://frodo.wi.mit.edu/primer3). Primers for validation were tested by cDNA dilution series to obtain optimal reaction conditions. qRT-PCR was performed using an iCycler iQ Real Time PCR Detection System (Biorad, Reinach, Switzerland) and iQ™ SYBR® Green Supermix (Biorad). Each representative reaction was loaded on an agarose gel for amplicon length analysis and additionally the melting curve was analyzed. The qRT-PCR was quantified as follows: 2 -∆C T = C T gene of interest -C T gapdh [20] .
Electric cell-substrate impedance sensing
Resistance measurements were performed using an ECIS Zq apparatus (Applied Biopyhysics Inc.,Troy, NY) and either 8W1E arrays (Fig. 3 ) or 8W10E+ arrays (Fig. 4) both consisting of 8-wells with an area of 0.8 cm 2 /well each and 1 or 40 gold electrodes with a diameter of 250 μm, respectively (Applied Biopyhysics Inc., Troy, NY). Before seeding cells, each well was preincubated with serum-free DMEM overnight followed by a 20 minutes coating with 0.1% gelatine gold (Carl Roth GmbH, Karlsruhe, Germany) and 0.9% sodium chloride in PBS, followed by 3 wash steps with serum free DMEM. 17 hours post transfection cells seeded into 8W1E and 8W10E+ plates, respectively. The arrays in the measurement station were then placed in an incubator (37°C, 5% CO 2 ). Total resistance was measured in real-time at a frequency of 4 kHz. The complex impedance spectrum (Z, R, C) for each well was measured by applying an AC signal to the cells on the gold electrode, which output is measured over a frequency spectrum from 62. ] was calculated using ECIS software (Applied Biopyhysics Inc.Troy, NY).
Microarray
Total RNA was processed with an Agilent whole mouse genome oligo microarray kit according to the manufacturers protocol (Agilent Technologies, Santa Clara, CA). Two coloured wildtype and Pim1 -/-cRNA was hybridized to an Agilent Whole Mouse Genome 44K Microarray (Agilent Technologies, Santa Clara, CA) in triplicates. Analysis of hybridization images was done with CellsFeatureExtraction software (Agilent Technologies, Santa Clara, CA). The MetaCore™ analysis was performed with GeneGo software (Thomson Reuters, St. Joseph, MI). Complete microarray dataset is accessible at Gene Expression Omnibus database (GSE32059).
Statistical analysis
All statistical tests were performed using GraphPad Prism 5.04 for Windows (GraphPad software, San Diego, CA). For analysis of repeated measurements a two way Anova followed by a Bonferroni posttest was performed. Differences between two groups were evaluated using unpaired t-test and a p-value < 0.05 was considerd to be significant. To compare more than two groups one way anova followed by a Bonferroni posttest was done. a.u.c. was calculated over indicated time periods using GraphPad software. Data are represented as means ± s.e.m..
Results
Pim1 kinase deletion and inhibition slows endothelial cell detachment by trypsinization and increases cell adhesion
To investigate whether PIM1 has an influence on endothelial cell adhesion, confluent wildtype MAECs were treated with the imidazo[1,2-b]pyridazine compound K00486, a kinase inhibitor reported to inhibit human PIM1 kinase activity in vitro [21] . The resistance of the cell monolayer was recorded for 24 hours at a frequency of 4kHz using ECIS (Fig. 1A) . Compared to control, we observed a significant increase of 80 ± 5 ohm of total resistance at 4kHz in cells treated with K00486, indicating the formation of a tighter cell monolayer. In parallel, MAECs were trypsinized 24 hours after seeding and the detachment process was followed in a time course (Fig. 1B) : A significant delay in the detachment of inhibitor-treated versus untreated cells was observed as early as after 2 min (9±0.002% vs. 23±0.01% of detached cells in the supernatant) of trypsinization. The difference in detachment remained significant also for later time points (n=3, P<0.0001). Even though the PIM1 inhibitor K00486 has been suggested to inhibit only PIM1 kinase [21] we could not exclude unspecific inhibition by this compound.
To further substantiate our findings of increased endothelial cell adhesion after PIM1 inhibition, we isolated MAECs from mice deficient for PIM1 [22] and corresponding control mice. Pim1 mRNA and protein expression in the isolated cells was assessed using quantitative real-time PCR (qRT-PCR) (Fig. 1C) and Western blotting (Fig. 1D) confirming the knockout of Pim1. Trypsin treatment of these cells for 0, 1, 2, 3, 4 and 5 minutes displayed an evident resistance to trypsinization and detachment of endothelial cells lacking PIM1. After 3 minutes, only 5±1% Pim1 -/-cells were detached compared to 36±3% of wildtype cells (n=3, P<0.001). Similarly, after 5 minutes, Pim1 -/-MAECs number in the supernatant was significantly lower (n=3, P<0.001) (Fig. 1E) , which is also visible in corresponding micrographs (Fig. 1F) . Walpen 
Pim1
-/-decreases cell migration in a wound healing assay The differences in cell adhesion properties suggested that migratory response of Pim1 -/-cells might be also affected. As a consequence we investigated cell motility (Fig. 2) . Confluent wildtype and Pim1 -/-endothelial monolayers were scratched and cell reinvasion into the wound was recorded over 24 hours. Quantification of the light micrographic pictures ( Fig.  2A) revealed a 28.1±1.3% lower migration rate for Pim1 -/-cells (n=5, P<0.00001) (Fig. 2B ).
Pim1 -/-MAECs form tighter cell-substratum and cell-cell contacts Adhesion properties of wildtype and Pim1
-/-cells were further analyzed using ECIS. Cells were seeded at confluence, and total resistance of cell layers was measured during 24 hours at a frequency of 4kHz. After 8 hours the cells reached confluency at the resistance value of 5600 ± 200 ohm for wildtype and 7800 ± 200 ohm for Pim1 -/-cells (n=3, P<0.0001, Fig. 3A ). The ECIS model allows differentiating between tightness of cell-cell contacts (R b ) and the strength of the cell-substratum adhesion (α 2 ) (Fig. 2B) [23, 24] . Area under the curve (a.u.c.) analysis for these parameters from 8 to 24 hours indicated a significant 2.3-fold of R b (n=3, P<0.0001) and a 1.5-fold increase (n=3, P<0.0003) of α 2 respectively, in Pim1 -/-cells (Fig. 3C) . Thus, Pim1 deletion in endothelial cells markedly and significantly strengthens cell-cell and cell-substratum adhesion as judged from the R b and α 2 value.
Expression of PIM1 leads to a decrease in total resistance of endothelial Pim1
-/-cells To assess whether the hyper-adhesive properties of Pim1 -/-cells might be indeed a consequence of loss of PIM1, we aimed to restore the phenotype by reintroduction of Fig. 1 
FLAG-Pim1 cDNA into knockout cells. The amount of re-expressed FLAG-Pim1 was determined by qRT-PCR and adjusted to similar levels of endogenous Pim1 mRNA (Fig. 4A) (Fig. 4B) .
Area under the curve analysis for the strength of cell-substratum adhesion and tightness of cell-cell contacts from 8 to 24 hours was calculated for wildtype, Pim1
-/-and Pim1 -/-cells expressing FLAG-Pim1. Reintroduction of FLAG-Pim1 into wildtype or Pim1 -/-cells did not affect α 2 -value (Fig. 4C) . However, the difference in the area under the curve (a.u.c.) for R b between wildtype and Pim1 -/-cells was reduced by 54% (n=3, P<0.001) when re-expressing FLAG-Pim1 in Pim1 -/-cells (Fig. 4D ) Thus, reintroduction of Pim1 cDNA into Pim1 -/-MAEC restores R b values to more than half of that of R b wildtype levels.
Endothelial cell-cell junctions and focal adhesion structures are more pronounced in Pim1 knockout cells β-catenin is a protein of the adherens junction complex and vinculin is an ubiquitary expressed protein involved in focal adhesion and also cell-cell contact formation [25, 26] . To validate the increased resistance in cell adherens junctions and focal adhesions 
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observed by ECIS, we assessed the protein expression levels of β-catenin and vinculin by immunofluorescence imaging and Western blot (Fig. 5) . Fluorescence imaging disclosed a much more prominent vinculin patterning in Pim1 -/-cells: The knockout cells formed more vinculin clusters around the cell (white arrows) (Fig. 5A left panel) . Additionally also F-actin, 
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which is bound by vinculin was stained (Fig. 5A middle panel) . The overlay of vinculin and actin stainings visualizes the difference in the amount of focal adhesion clusters (Fig. 5A  right panel) . To investigate whether we also find distinct adherens junctions we additionally stained β-catenin in wildtype and knockout cells (Fig. 5B left panel) . Indeed the β-catenin clusters were expanded in Pim1 -/-cells, which is also visualized in a 10-times magnification in Fig. 5B right panel. Nevertheless we found no changes in overall protein expression of β-catenin and vinculin comparing wildtype and Pim1 -/-cells (Fig. 5C ). 
Gene expression analysis reveals importance of PIM1 in cell adhesion and cytoskeleton remodeling
To obtain a more global view of the ability of PIM1 to regulate cell adhesion we compared mRNA expression of wildtype and Pim1 -/-cells using a two colour Agilent DNA microarray. Analysis of the gene expression data revealed 1598 significantly regulated genes (P<0.01) from which 61% were up-and 39% downregulated. The most regulated genes include Foxg1 with a ratio of 200-fold upregulation and Eif2s3 with a 70-fold downregulation (Table 1) .
Single genes were summarized by their biological function using MetaCore™ analysis. Intriguingly, four out of ten most significantly regulated biological processes were computed as cell adhesion, migration and cytoskeleton remodeling ( Table 2 ). This assignment is in line with our cell biological assessment.
A specific gene set involved in cell adhesion was selected for further validation ( Table  3) . Genes were selected 7 out of these 12 genes could be validated using qRT-PCR (Fig. 6A) : the integrin family member integrin alpha 7 (Itga7), the junctional adhesion molecule 2 (Jam2), T-cadherin also known as cadherin 13 (Cdh13), a disintegrin and metalloproteinase [27] . The most significantly regulated genes also displaying the highest mRNA expression levels in Pim1 -/-cells were identified as Col6a3 (fold induction = 51.6; P<0.0001), and Cdh13 (fold induction = 81.9; P<0.0002) (Fig.  6) , both upregulated in Pim1 -/-cells. Figure 6B shows protein expression levels of CDH13 and COL6A3, both proteins either involved in cell-cell or cell substratum adhesion. [28] . We found significantly different gene expression of matrix components and cell-matrix receptors, such as collagens and integrins. COL6A3 as the most strongly and significantly expressed matrix component was further examined by immunestaining. We found that confluent Pim1 -/-but not wildtype MAEC expressed COL6A3 positive bundles inside the cells, extending in network-like structures on top of endothelial cells (Fig. 7A, right micrograph) . Furthermore, Pim1 -/-but not wildtype MAEC deposited fibre-like structures containing COL6A3 between cells accumulating on the cell-free culture plate surface (Fig. 7B, right micrograph and Fig. 7C ).
We therefore aimed at determining whether the adhesion properties of Pim1 -/-cells also depend on this specific ECM deposition. Wildtype cells were cultivated on ECM deposited by wildtype or Pim1 -/-cells (Fig. 8A) . Trypsin treatment of these confluent cells for 0, 1, 2 and 3 minutes displayed a marked delay of the detachment of wildtype endothelial cells cultured on matrix deposited by Pim1 -/-cells (Fig. 8A) (Fig. 8B) . Finally, we investigated, whether Pim1 -/-cell-deposited matrix was sufficient to induce structural changes in adherens junctions of wildtype MAEC as observed in Pim1 -/-cells (see Fig. 5B ). Indeed, when cultivating wildtype MAEC on Pim1 -/-cell-deposited matrix and staining confluent cultures, we observed enhanced β-catenin containing structures at cell-cell borders (Fig. 8C) .
Thus, ECM deposited by Pim1 -/-cells is sufficient to mediate a hyperadhesive phenotype similar to that of Pim1 -/-cells with respect to cell detachment and adherens junction strengthening.
Discussion
Here we report that PIM1 plays a distinct role in endothelial cell-cell cohesion and cell-matrix adhesion. We demonstrate that Pim1 deletion and kinase inhibition slows endothelial cell detachment by trypsinization and increases total electrical resistance across the endothelial monolayer. Reintroduction of Pim1 cDNA into Pim1 -/-cells partially but significantly restored electrical resistance to wildtype levels. Furthermore, Pim1 deletion in endothelial cells markedly reduced cell motility as shown in wound healing assays. This finding is consistent with an earlier report using cells derived from human prostate cancer or squamo-cellular carcinoma where Pim1 silencing decreased wound healing in vitro [9] . We therefore conclude that modulation of endothelial cell adhesion by Pim1 deletion, kinase inhibition and Pim1 cDNA reintroduction into Pim1 -/-cells is actually Pim1-specific and most likely requires its classical serine-threonine kinase activity, as suggested earlier by Santio et al., since a similar PIM1 kinase inhibitor in human cancer cells slowed down cell motility [9] . 
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Cell migration is a complex, tightly regulated process that involves the dynamic formation and disassembly of distinct adhesion complexes [29, 30] . We therefore further dissected the characteristics of endothelial cell adhesion modulation by differentiating electrical resistance values and found that both cell-cell cohesion and cell-substrate adhesion were reinforced by Pim1 deletion.
The intracellular domain of the adherens junctions effector protein VE-cadherin contains a distal binding site for β-catenin. β-catenin is linked to α-catenin, which may further interact with the cytoskeleton via α-actinin and vinculin [26, 31] . Finally, integrins directly adhere to the matrix substratum and connect to talin and vinculin, [32] . Interestingly,
Pim1
-/-cells exhibited more vinculin positive focal adhesion structures that spread the entire endothelial cell surface, whereas wildtype cells displayed less vinculin positive streaks that were predominantly located laterally at cell junctions. Furthermore, Pim1
-/-cells displayed abnormally enlarged β-catenin positive structures at cell-cell junctions than usually found in wildtype endothelial cells. Thus, Pim1 deletion reinforced connection complexes between cell to cell junctions and focal adhesion structures, which might mechanically increase intercellular forces and tension [33] . While Pim1 deletion did not change overall β-catenin and vinculin protein levels, gene expression analysis demonstrated significant and strong regulation of matrix components (Col6a, Col11a) and cell to matrix (Itga7) and cell to cell attachment (Cdh13, Jam2) modulating genes. MetaCore™ analysis of all genes modulated by Pim1 deletion revealed WNT-mediated cytoskeleton remodeling as the most significantly regulated biological process.
Pim1 -/-but not wildtype cells deposited a specific, COL6A3-containing matrix in fibrelike structures on culture dish surfaces: Intriguingly, ECM deposited by Pim1 -/-cells alone was sufficient to induce Pim1 -/-adhesion characteristics in wildtype cells which may be interpreted as one of the early events in the establishment of the Pim1 -/-adhesion phenotype. Matrix-integrin mediated signals are transduced by the focal adhesion kinase (FAK) [31] . Thus, enhanced matrix-integrin interactions in Pim1 -/-cells may increase vinculin-containing focal adhesion structures and modulate FAK signaling. Observations in different model systems suggest a complex and dynamic cross-talk between the focal adhesion kinase and the WNT-signaling pathway [34, 35] . Canonical WNT-signalling promotes dissociation of β-catenin from junctional complexes to the nucleus, which also results in reduced cell-cell adhesion in tumorigenesis [36] . As we show in Fig. 5B, Pim1 -/-MAEC display pronounced β-catenin clusters at the cell to cell borders, which could be explained by reduced WNTsignalling in these cells. This is also demonstrated in FAK kinase dead mutant mice where vascular permeability and angiogenic growth factor VEGF failed to induce dissociation of β-catenin from adherens junction complexes [37] . Intriguingly we found that Pim1 -/-celldeposited matrix also enhanced β-catenin-containing structures at cell-cell contacts. Therefore, we assume that matrix-induced signaling may repress WNT signaling in Pim1 -/-endothelium preventing redistribution of β-catenin from adherens junctions to the nucleus, thereby enhancing cell-cell cohesion.
Taken together, we demonstrate a distinct novel role of PIM1 in the regulation of endothelial cell-cell cohesion and cell-matrix adhesion, which likely involves a matrix-initiated response involving collagen, alteration in vinculin-containing focal adhesion structures and pronounced β-catenin-containing junctional complexes. This is accompanied by alterations in cell adhesion gene regulation. A hyperadhesive endothelial Pim1 -/-phenotype might be useful to promote endothelial barrier integrity, restrict angiogenesis in growing tumors and impede invasion and metastatic spread of malignant cells through the endothelial monolayer. Walpen 
